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EXECUTIVE SUMMARY 

In 2018, the Department of Energy launched, through the Nuclear Energy 

University Program (NEUP) four projects aiming at investigating the thermal-

hydraulics behavior of ATF cladding materials. These projects have mainly 

focused on three ATF cladding materials, i.e., Cr-coated Zircaloy, FeCrAl, and 

SiC. Five technical and scientific questions are being addressed: 

(a) How do surface properties of ATF cladding materials, e.g., wettability, 

change at ambient pressure, and under LWR operating condition? 

(b) How do ATF cladding materials perform in atmospheric pool boiling 

tests? 

(c) What is the performance of ATF cladding materials in steady-state and 

transient flow boiling CHF, particularly under LWR pressure, 

temperature, and mass flux? 

(d) How accurately computer codes model flow boiling CHF on ATF 

materials, particularly in transient conditions? 

(e) How do ATF materials perform in quenching heat transfer, and what is 

the impact of surface properties on the LFP temperature?  

In the year of 2018-2019, significant results have been achieved in surface 

characterization (structure, morphology, roughness, and contact angle, i.e., 

wettability), testing (including both pool and flow boiling CHF tests, and droplet 

quenching tests), and modeling. Lesson learned and near term activities (i.e., to 

be carried out within the last year of the four NEUP projects) are briefly 

summarized in four topics, i.e., surface characterization, boiling, modeling and 

simulation, and quenching. 

Surface characterization  

Many groups have measured the contact angle (CA) of ATF materials in the 

air at atmospheric pressure. However, there seems to be some disagreement on 

the measured CA from the same material with similar surface roughness. These 

differences may arise from the sample cleaning protocol, or the surface itself. 

The CA variation from ambient pressure and temperature to LWR operating 

conditions has been partially clarified by MIT’ tests. Systematic CA 

measurements on ATF materials (from the four projects) with different surface 

roughnesses could be conducted in LWR conditions using the MIT facility.  

Boiling  

An analysis of the impact of surface characteristics on CHF has been 

conducted. However, more experiments should be run before definite 

conclusions could be drawn. 

In pool boiling conditions at atmospheric pressure, the CHF values measured 

by UWM-1 suggest that Zirlo, FeCrAl, and Cr-coated Zirlo have very similar 

CHF and that the CHF limit can be captured by a modified version of the 

Kandlikar correlation.  

However, UNM performed flow boiling CHF tests at atmospheric pressure 

and observed that FeCrAl has a higher CHF limit compared to Zircaloy or Cr-
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coated Zircaloy at the same operating conditions. UNM also observed that 

surface degradation (e.g., increase of surface roughness and wettability) does not 

affect the CHF limit. UNM has also conducted a test with a transient power pulse 

on FeCrAl tubes and observed that the transient CHF value is higher than the 

steady-state value. 

UWM-2 has carried out studies on steady-state flow boiling on Cr-coated and 

bare Zirlo claddings, and have observed that the Cr-coated cladding has a higher 

boiling heat transfer coefficient and a slightly higher CHF compared uncoated 

claddings 

WEC conducted several flow boiling CHF tests at PWR operating 

conditions, showing no difference in the CHF values of bare, Cr-coated and 

cruded Zirlo claddings. 

More tests will be carried out in the third year of the project by WEC and 

UWM-2, with a specific focus on high pressures, ideally covering both PWR 

(15.5 MPa, 344 °C) and BWR (7.6 MPa, 291 °C ) conditions. 

Modeling and simulation 

UTK has generated a computational framework to simulate flow boiling until 

post-CHF. UTK also quantified the uncertainty and sensitivity of the CHF value 

and the post-CHF temperature excursion. According to the UTK analysis, there is 

a need to improve the modeling of post-CHF heat transfer during power 

transients. However, the development and validation of these models require 

more experimental data, particularly for high-pressure conditions. 

Quenching 

MIT has developed a facility to study droplet quenching, producing 

demonstrative results on Cr-coated surface. A systematic study will be carried 

out to quantify the LFP temperature of potential ATF materials. For each 

material, different surface finish from nano-smooth to PWR cladding-roughness 

should be tested. The impact of droplet Weber number and subcooling should 

also be investigated. 

On August 13th, 2019, MIT hosted a workshop aiming at sharing the 

progress of the four projects, summarizing the main findings of the research 

activities, identifying the challenges and the path forward, and coordinating the 

efforts from different research teams. Nine technical presentations were given by 

different organizations involved in the projects. The agenda and the presentation 

slides are attached in the appendix.  

Note: This is a status report and there is additional work to be performed in 2020   

           prior to completing the projects. 
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Investigations on the Thermal-hydraulic Behavior of 
Accident Tolerant Fuel Cladding Materials 

1. BACKGROUND 

Since the 2011 Fukushima accident, significant research has been devoted to developing accident-

tolerant fuel (ATF) cladding materials. These investigations have mostly focused on the ability to resist 

runaway steam oxidation and retain mechanical strength and structural integrity under thermal shocks. 

However, much remains unknown about the materials’ thermal-hydraulic behavior, particularly under 

light-water reactor (LWR) operating conditions. Two phenomena that determine safety margins in both 

normal and off-normal operating conditions—i.e., the critical heat flux (CHF) and Leidenfrost point 

(LFP) temperature—have not been investigated thoroughly for ATF materials.  

Surface properties, such as wettability and roughness, are known to influence pool and flow boiling 

CHF, as well as the LFP temperature. However, little is known about the surface wettability of ATF 

materials, particularly at LWR pressure and temperature. Little has been done on flow-boiling CHF and 

quenching heat transfer, especially for droplet quenching.  

Nonetheless, it is known that CHF in transient conditions, e.g., an exponentially escalating power 

transient, can be significantly different from that expected in steady-state operation. Very few studies 

have investigated transient CHF, either on ATF materials or under LWR pressure and temperature. The 

thorough understanding of transient CHF under prototypical reactor conditions will benefit not only the 

deployment of ATF but also the upcoming national efforts to study transient ATF behavior in the 

Transient Reactor Test Facility (TREAT) at Idaho National Laboratory. 

In summary, as a part of ATF development efforts, there is an urgent need to understand how and 

how much these materials may affect two-phase heat transfer phenomena in nuclear reactor conditions. 

2. OVERVIEW OF THE NEUP RESEARCH 

In 2018, the Department of Energy launched, through the Nuclear Energy University Program 

(NEUP), four projects aimed at investigating thermal-hydraulic behavior of ATF cladding materials. 

These projects involve many organizations, as shown in Figure 1, and are structured as follow: 

• Project 17-12549: “Critical Heat Flux Studies for Innovative Accident Tolerant Fuel Cladding 

Surfaces,” led by the University of Wisconsin at Madison (UWM)-1 in collaboration with 

Westinghouse Electric Company, LLC (WEC) and General Atomics (GA). 

• Project 17-12647: “Determination of Critical Heat Flux and Leidenfrost Temperature on Candidate 

Accident Tolerant Fuel Materials,” led by the Massachusetts Institute of Technology (MIT) in 

collaboration with UWM-2, WEC, and GA. 

• Project 17-12688: “An Experimental and Analytical Investigation into Critical Heat Flux Implications 

for Accident Tolerant Fuel Concepts,” led by the University of New Mexico (UNM) in collaboration 

with the University of Tennessee at Knoxville (UTK), Oregon State University (OSU), Framatome, 

General Electric (GE), and Idaho National Laboratory (INL). 

• Project 17-13019: “Evaluation of Accident Tolerant Fuels Surface Characteristics in Critical Heat 

Flux Performance,” led by Virginia Commonwealth University (VCU) in collaboration with UWM-2, 

BWX, Framatome, and GE. 
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Figure 1. An overview of the organizations involved in the four projects sponsored by DOE. 

The list of PIs (in bold) and collaborators at the different organizations include (in alphabetical order): 

• BWXT: J. Miller 

• GA: C. Deck 

• GE: R. Rebak 

• Framatome: J. Strumpell (UNM lead project), R. Harne, J. Jones (VCU lead project) 

• INL: C. Jensen 

• MIT: M. Bucci, G. Su, B. Phillips 

• OSU: W. Marcum 

• UTK: N. Brown (previously at PennState) 

• UNM: A. Prinja (previously Y. Lee) 

• UWM-1: M. Corradini, K. Sridharan, S. Yeom, H. Jo (now at Postech, South Korea) 

• UWM-2: M. Anderson, B. Elward 

• VCU: V. Rojas 

• WEC: Z. Karoutas (MIT lead project only), Q. Wang (MIT lead project only), P. Xu, W. Byers. 

These projects have mainly focused on three ATF cladding materials—i.e., Cr-coated Zircaloy, 

FeCrAl, and SiC. Five technical and scientific questions are being addressed: 

(a) How do surface properties of ATF-cladding materials, e.g., wettability, change at ambient 

pressure and under LWR operating condition? 

(b) How do ATF-cladding materials perform in atmospheric pool boiling tests? 

(c) What is the performance of ATF-cladding materials in steady-state and transient flow-boiling 

CHF, particularly under LWR pressure, temperature, and mass flux? 
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(d) How accurately do computer codes model flow-boiling CHF on ATF materials, particularly in 

transient conditions? 

(e) How do ATF materials perform in quenching heat transfer, and what is the impact of surface 

properties on the LFP temperature?  

In the year 2018–2019, significant results have been achieved in surface characterization (structure, 

morphology, roughness, and contact angle (i.e., wettability)), testing (including both pool- and flow-

boiling CHF and droplet-quenching tests), and modeling.  

In this report, we discuss the contributions and accomplishments of all the organizations involved in 

these projects in the effort to answer these five technical and scientific questions. 

3. RESEARCH PROGRESS 

3.1 Surface Characterization 

Surface wettability—i.e., the surface contact angle with water—is known to affect boiling heat 

transfer (e.g., increasing CHF) and quenching heat transfer (e.g., increasing the LFP temperature). The 

apparent surface wettability  depends on surface roughness and intrinsic surface wettability—i.e., the 

contact angle that one would measure on an ideally smooth surface. 

It is essential to characterize the intrinsic wettability of these materials as well as the roughness and 

the apparent wettability of actual ATF cladding samples to understand how they will affect boiling and 

quenching heat transfer. Ideally, one would quantify wettability (i.e., static, advancing, and receding 

contact angles) up to LWR operating conditions—i.e., in fully degassed water at high pressure and 

temperature. 

3.1.1 Contact-angle Measurement 

The sessile-drop method is the most-common approach to measure contact angles (CAs). This 

measurement typically requires an optical goniometer and a high-definition (HD) camera. The HD camera 

is used to take a magnified, backlit image of a sessile water drop on the test sample. Then, a post-

processing algorithm is used to calculate the tangent of the droplet outline at the point of contact with the 

sample surface. The CA value is then back-calculated from the tangent.  

VCU, UWM-1, UNM, and MIT have done CA measurements using goniometers on various ATF 

materials and surface finishes. Most of these tests were conducted with water droplets in the air under 

atmospheric pressure. However, MIT developed and operated a new apparatus that is capable of 

measuring CA in degassed water up to critical pressure and temperature (i.e., 22.06 MPa and 374°C, 

respectively). 

VCU measured the CA in the air at atmospheric pressure on various tubular ATF materials including 

Zr-2, APMT, and C26M-grade FeCrAl from GE, Zr-4 from Framatome, and Cr-coated Zr-4. A 

comparison between Zr-2 and FeCrAl is shown in Table 1 (Ra represents the arithmetical-mean deviation 

of the assessed profile, Rz the average distance between the highest peak and lowest valley in each 

sampling length, Rsk the skewness of the height measurement, Rku the kurtosis of the height 

measurement, roughness factor the ratio of the measured area over the projection area, Rsm the root-

mean-squared of the assessed height profile). All the samples have a very similar roughness factor, but 

while the measured CAs on APMT and C26M grade FeCrAl are very close, Zr-2 has a lower CA. This 

seems to indicate that the intrinsic wettability of FeCrAl is lower than the intrinsic wettability of Zr-2. 



 

 13 

Table 1. Comparison of roughness and CA between Zr-2 and APMT and C26M grade FeCrAl (VCU). 

Material 

Roughness 
Contact 

angle 
(degree) 

SJ-410 Profilometer AFM 

Ra (μm) Rz (μm) Rsk Rku 
Roughness 
factor (r) 

Rsm 
(μm) 

Zircaloy-2 0.36 ±0.04 4.46 ±1.08 0.01 ±0.32 4.46 ±1.79 1.02 0.18 72.33 ±4.28 

APMT 0.68 ±0.07 5.94 ±0.84 -0.47 ±0.12 3.17 ±0.29 1.07 0.49 91.97 ±2.78 

C26M 0.69 ±0.07 8.59 ±1.34 -1.05 ±0.31 6.23 ±1.76 1.02 0.38 90.43 ±2.28 

 

VCU also examined the separate effect of surface finish on CA using Cr-coated Zr-4 samples 

provided by Framatome and found that the CA sharply decreased after Zr-4 is coated with ~4 μm Cr by 

physical vapor deposition (PVD), and that surface finish of the substrate has a secondary effect on CA for 

both Zr-4 and Cr-coated Zr-4, as shown in Figure 2. These results also indicate that Chromium coated 

surfaces have a higher wettability than Zirconium alloys. The measured Ra of different samples are 

summarized in Table 2. 

 

Figure 2. Comparison of static CA for Zr-4 and Cr-coated Zr-4 with a different surface finish of the 

substrate (VCU). 

Table 2. Summary of the measured Ra from different samples. 

Sample Ra (μm) 

As received Zr-4 substrate 0.399 

600 Grit Zr-4 substrate 0.496 

240 Grit Zr-4 substrate 0.776 

As received Cr-coated Zr-4 0.442 

600 Grit Cr-coated Zr-4 0.498 

240 Grit Cr-coated Zr-4 0.910 

 

UWM-1 measured the CA on flat polished Zirlo, on spray-coated Cr on Zirlo, and spray-coated 

FeCrAl on Zirlo samples provided by WEC. The final sample surfaces were all polished by 600 grit SiC 

abrasive paper to the same roughness and morphology, as shown in Figure 3. The measured CAs on Zirlo 

and FeCrAl-coated Zirlo are similar to VCU’s measurements. However, there is a large discrepancy 

between the Cr-coated Zirlo from UWM and the Cr-coated Zr-4 from VCU, the latter of which shows a 
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much lower CA. Note that the UWM-1 coatings are spray-coated, whereas the VCU coatings are PVD-

coated. Thus, the different contact angle may result from different surface morphology. 

 

Figure 3. CA, roughness, and surface morphology measurements on various materials polished by 600 

grit SiC abrasive paper (UWM-1). 

UNM measured the CA on as-received tubular samples made of FeCrAl, Inconel600, and Zr-4 before 

and after the CHF tests. The results are summarized in Table 3. The CAs of all the samples increased after 

the CHF tests. In particular, the CA of fresh FeCrAl measured at UNM is lower than the values reported 

by UWM and VCU. 

Table 3. Surface roughness and wettability: as-received/post-CHF experiment (UNM). 

 FeCrAl Inconel600 Zircaloy-4 

Roughness, Ra 0.43 µm/4.53 µm 0.24 µm/3.13 µm 0.80 µm/1.61 µm 

Surface Wettability 53°/69° 64°/76° 56°/74° 

 

MIT developed an apparatus to measure static, advancing, and receding CAs from subatmospheric 

conditions up to the critical point of water in a fully degassed, saturated steam-water environment. The 

configuration of the autoclave-type facility is shown in Figure 4 (left). The autoclave has two sapphire 

windows at both ends, providing necessary optical access. The two bearings underneath the autoclave 

enable rotation around the axis of the droplet for measurement of advancing and receding CAs. A natural 

circulation loop was constructed to supply saturated steam and pressurize the autoclave. 

The actual test section for the CA measurement is accommodated inside the autoclave (see Figure 4 

[right]), which is equipped with two thermocouples for the temperature measurement of the sample and 

the autoclave environment. A cartridge heater is imbedded underneath the sample holder in order to 

maintain the sample temperature and evaporate the residual water after each measurement. The test 

section can accommodate rectangular samples from 0.5 × 0.5 cm2 to 12.5 × 12.5 cm2, and thickness from 

1–3 mm. 
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Figure 4. Design of the autoclave (left) and the test section (right) for the CA measurement (MIT). 

MIT measured the static CA up to pressurized water reactor (PWR) temperature and pressure on 

various samples and surface finishes, including as-machined Zr-4 (Ra = 0.18 µm), mirror-polished Zr-4 

(Ra ~0.05 µm), oxidized Zr-4 (Ra = 0.2 µm), as-machined monolithic SiC received from GA 

(Ra = 0.12 µm), and mirror-polished APMT-grade mirror-polished FeCrAl purchased from Kanthal 

(Ra ~ 0.05 µm). MIT conducted the CA measurements while increasing and decreasing the temperature. 

As shown in Figure 5, the static CA on all surfaces decreases with increasing temperature and pressure. 

For some surfaces, the CA at high pressure and temperature becomes zero, which indicates that the 

surface is super-hydrophilic. The CA decreases faster on rough or oxidized surfaces than on mirror-

polished surfaces. On oxidized Zr-4, SiC, and FeCrAl surfaces, a large hysteresis was observed. The 

potential cause of this hysteresis can be different for different surfaces, and more tests are required in 

order to draw any conclusion. 
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Figure 5. CA measured on: (top left) as-machined Zr-4, (top right) mirror-polished Zr-4, (middle left) 

oxidized Zr-4, (middle right) as-machined monolithic SiC, and (bottom) mirror-polished FeCrAl (MIT). 

3.1.2 Surface Roughness 

Many approaches can be used to measure and quantify surface roughness. Different methods reveal 

different kinds of roughness—e.g., stylus-type profilometer for one-dimensional (1D) microscale, optical 

profilometer for two-dimensional (2D) micro- or nanoscale, atomic force microscopy (AFM) for 2D 

nanoscale. For most situations, microscale surface roughness is a good indicator of the boiling and 

quenching heat-transfer behavior. However, on some surfaces with complicated features, such as 

hierarchical micro- and nanostructures, nanoscale surface roughness is also required.  

VCU quantitatively measured surface roughness using a stylus-type profilometer (2 μm stylus-tip 

radius and 60 degree stylus-tip angle) following International Organization for Standardization (ISO) 

standards. Twelve different surface-roughness parameters were collected on a 5 mm sampling length at 

0.5 mm/s scan rate. They also used tapping mode AFM to reveal nanoscale features as a supplement and 

validation to the results obtained by stylus-type profilometry. The results are summarized in Table 1, 

together with the CA measurements. 

UWM-1 used optical profilometry for the surface-roughness measurement. They obtained 2D surface 

profiles and the associated statistical parameters such as peak-to-valley (PV) distance and root-mean-
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square values of roughness, as shown in Figure 3. The close PV and Ra values from different substrate 

materials prove the repeatability of their polishing process. 

UNM measured the surface roughness, Ra, of the samples before and after CHF tests, as summarized 

in Table 3. UNM observed a significant increase in surface roughness, as high as 13 times, after the CHF 

tests. However, the CHF value on the same rod barely changed test after test, which seems to suggest that 

surface roughness has a minor effect on CHF. 

3.1.3 Other Surface Characteristics 

In addition to CA and surface roughness, VCU used an X-Ray diffractometer (XRD) to measure the 

crystal structures of the test samples, as shown in Figure 6. The FeCrAl alloys (APMT, C26M) have 

body-centered cubic (bcc) crystal structure, while Zircaloy-4 and Zircaloy-2 have a hexagonal closed 

packed (hcp) crystal structure. For the Cr-coated material, the presence of the Cr layer was confirmed by 

the presence of its characteristic peaks with a cubic crystal structure. VCU also applied scanning electron 

microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) to examine microscopic surface 

morphology and elemental composition, separately, as shown in Figure 7. The SEM micrographs of 

C26M and APMT show an average grain size of 27.98 ±9.81 μm and 41.04 ±13.39 μm, respectively. The 

smaller grain size of the C26M gives an increase in overall strength, as evidenced in the literature for 

FeCrAl alloys. The elements detected by EDS exhibit uniform distribution of the elements with no 

evidence of second-phase precipitates. 

 

Figure 6. XRD patterns of tested materials (VCU). 
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Figure 7. Element map for APMT (left) and SEM micrographs of etched FeCrAl (right) (VCU). 

3.2 Pool Boiling 

Pool-boiling experiments are commonly carried out to investigate the fundamentals of boiling heat 

transfer (e.g., bubble dynamics) and to quantify boiling parameters (e.g., the CHF value). They also 

constitute a valuable screening stage to inform the possible outcomes of flow-boiling tests. 

UWM-1 conducted pool-boiling tests on flat samples at atmospheric pressure and saturation 

temperature (100°C) with deionized water. Material and thickness of the tested samples are listed below: 

• 0.4 and 0.8 mm polished Zirlo 

• 0.8 mm Zirlo with a Cr coating 

• 0.8 mm Zirlo with a Cr coating polished down to 70 and 30 µm, respectively 

• 0.8 mm Zirlo with a FeCrAl coating polished down to 40 µm 

• 0.457, 0.76, 1.52 mm polished 304 stainless steel 

• 0.508, 0.81, 1.27 mm polished brass. 

The UWM-1’s pool boiling facility for CHF tests of ATF materials is shown in Figure 8. The facility 

accommodates 2 × 2 cm2 flat samples of various thicknesses. The top side of the sample is exposed to 

water, which is heated up by cartridge heaters inserted inside a copper heater block. Temperature and 
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subsequent heat-flux measurements were taken using thermocouples located inside the copper heating 

block at different distances from the boiling surface. The power was slowly increased stepwise through 

the nucleate-boiling regime until CHF was reached. CHF was then determined as the maximum heat flux 

before the temperature runaway. 

 

Figure 8. Illustrations of the pool-boiling facility designed and constructed for this study: (a) heater block 

and sample specimen, (b) assembly of the sample holder and heater block part, and (c) full assembly of 

the facility (UWM). 

UWM-1 observed small differences in wettability on different materials. They attribute such 

difference to measurement uncertainty and minor inevitable variations resulting from sample surface 

preparation. However, UWM-1 argued that the effects of these variations on CHF data were not 

significant. A modified Kandlikar model, taking into account the CA effect with a correction factor for a 

circular heater (diameter of 10 mm), is compared with the experimental results. Although the sample 

dimension is slightly different in this study, the predicted values using the model are in good agreement 

with the experimental results, as shown in Figure 9. 

 

Figure 9. Pool-boiling CHF at atmospheric pressure and saturation temperature as a function of CA and 

their comparison with modified Kandlikar’s model (UWM). 
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UWM-1’s analysis also suggests that the average pool-boiling CHF is a function of thermal activity 

for samples with the same surface finish. Thermal activity is defined as the effusivity multiplied by the 

thickness of the sample. The heater in the Cu block and the test sample are assembled as a single unit. 

However, thermal paste is inserted between the large Cu block and the thin-clad test sample (0.4–0.8 mm) 

that provides thermal resistance and decouples the thermal response of the sample from the copper block. 

Thus, while Cu block provides a constant heat-flux boundary condition, the thermal variation due to 

boiling phenomena does not occur in the Cu block, but only on the test sample. Figure 10 shows that 

higher thermal activity leads to enhanced CHF by allowing more lateral heat conduction within the test 

sample. 

 

Figure 10. CHF results as a function of the sample thermal activity (UWM). 

Table 4 summarizes the CHF data collected from metallic samples (Zirlo [both coated and uncoated], 

AISI 304 stainless steel, and brass). 

Table 4. Summary of CHF results from different metallic test samples (UWM). 

 CHF Average 

[kW/m2] 

CHF Range 

[kW/m2] 

Static Contact 

Angle 

[degrees] 

Thickness 

[mm] 

Cr coated Zirlo 571 526–597 77 0.87 

FeCrAl coated Zirlo 630 614–639 90 0.84 

Bare Zirlo 645 631–656 72 0.8 

SS 304 709 695–724 68 0.762 

Brass 803 758–979 60 0.81 

 

3.3 Flow Boiling 

In LWRs, fuel bundles are cooled in forced-flow conditions. Thus, systematic flow boiling CHF tests 

are necessary, in particular at LWR pressure and temperature, to better inform the design and deployment 

of ATF materials. The CHF margins should be examined under both steady-state heating and in transient 

heating conditions that are representative of accident scenarios (e.g., reactivity insertion accidents 

[RIAs]). Many groups have conducted steady-state flow-boiling CHF tests on ATF materials at 
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atmospheric or close-to-atmospheric pressures. WEC has also conducted flow-boiling CHF tests at PWR 

pressure and temperature. UNM has carried out transient flow boiling CHF tests with pulsed-power input. 

UNM constructed an atmospheric pressure flow loop and tested steady-state flow boiling CHF on Fe-

13Cr-6Al, Inconel600, and Zircaloy-4, as well as pulsed-power transient (1 s width and 8088.78 W peak 

power) flow-boiling CHF on FeCrAl. The configuration of the flow loop and the cross-sectional view of 

the test section are shown in Figure 11. The test section features a tubular flow channel with 9.252 mm 

outer diameter and 5.08 cm heated length. The tests were intentionally repeated on the same sample to 

investigate the effects of surface conditions on flow CHF. 

  
(a) (b) 

Figure 11. (a) Flow loop diagram, (b) test section cross-sectional view (UNM). 

Figure 12 (a) shows several steady-state CHF values on FeCrAl. Note that the standard deviation is 

less than 10% of the average value, confirming the repeatability of the tests. Figure 12 (b) shows the 

average experimental CHF values of three tested materials compared to the 2006 CHF lookup table at 

corresponding equilibrium qualities. The CHF value measured on the FeCrAl tube is higher than the CHF 

measured on Zircaloy and Inconel and the value reported in the Groeneveld lookup tables. This finding 

suggests that FeCrAl could lead to larger safety margins—i.e., a higher departure from nucleate boiling 

(DNB) ratio. 

  
Figure 12. (a) Repeated CHF measurements on the FeCrAl alloy, (b) CHFs compared to the look-up table 

at corresponding equilibrium quality (UNM). 

To address the change in surface characteristics after several experiments on the same tube, UNM 

measured surface roughness and wettability on post-steady-state CHF surfaces, which showed an increase 

in both roughness and CA compared to the as-received surfaces, as shown in Table 3. The results suggest 

that the effect of surface roughness in the range of ~0.2–5 µm and CA in the range of 50–80 degrees has 



 

 22 

limited influence on flow-boiling CHF. This also suggests that, unless materials with extreme roughness 

or CA are used, the influence on flow-boiling CHF is likely limited for most engineered materials. 

Traditionally, thermal parameters (e.g., thermal effusivity, activity, and diffusivity) were used to 

explain observed CHF differences; however, given the limited range of thermal parameters from three 

materials, no clear relation of thermal parameters to measured CHF values was observed under the same 

reference flow condition. UNM plans to carry out material-sensitivity studies in flow-boiling conditions 

to evaluate the impact of thermal parameters over a broader range. The effect of mass flow on flow-

boiling CHF will also be investigated. 

In addition to the steady-state tests, transient CHF experiments were also conducted on the 

Fe-13Cr-6Al tube under the same pressure and mass-flow conditions. The inlet quality was set to that of 

the steady-state CHF point, assuming that the thermodynamic quality at the instant of DNB does not 

change significantly in transient condition. By matching every condition (i.e., pressure, flow rate, and 

quality), a clear comparison between steady-state and transient CHF could be made. Nevertheless, due to 

limitation of the power supply, the pulsed power input is a much longer pulse than a super-prompt-critical 

power jump (>$1 of reactivity) or any hot zero-power RIA. 

In UNM’s tests, CHF and post-CHF phenomena are detected through estimates of the cladding inner 

temperatures. In this aim, UNM used a transient energy balance to calculate heat flux from measured 

power and outer surface temperature. Then the cladding inner surface temperature was obtained by 

solving the transient conduction equation with an implicit finite-difference scheme. The experimental 

results are shown in Figure 13. 

As shown in Figure 13 (b), a sharp increase in the temperature is observed at 1.36 s. The heat flux 

starts to decrease with a cladding-temperature overshoot, which corresponds to the occurrence of CHF. 

As the power is cut at CHF, the cladding temperature decreases, and the vapor film is no longer sustained. 

This is the rewetting point shown in Figure 13 (c), coinciding with a sudden temperature drop at the inner 

cladding wall. 

 

Figure 13. (a) Experimental measurement of transient pulsed power input, (b) CHF determination, and 

(c) rewetting-point determination (pulsed power: 1 s width and peak at 8088.78 watts, FeCrAl alloy) 

(UNM). 

Based on the analysis, UNM has proposed a modeling approach for transient boiling that can be 

implemented in reactor-analysis code, as shown in Figure 14. UNM also found that transient CHF is 39% 

and 23% higher than the lookup table prediction and the steady-state condition experimental result, 

respectively. 
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Figure 14. FeCrAl: obtained boiling curves for steady-state (① ONB, ② CHF) and transient flow 

boiling (300 kg/m2-s mass flow, Xe = -0.0068, dashed line to ③ CHF, then to ⑦) (UNM). 

UWM-2 developed and fabricated directly heated rods using ATF material and standard Zircaloy 

cladding to study flow boiling at atmospheric-pressure conditions. The finished heater rod in the assembly 

jig is shown in Figure 15 (top). They also collaborated with Stern Labs to design internally heated rods 

with a cosine power profile for high-pressure flow-boiling tests, as shown in Figure 15 (bottom). 
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Figure 15. Image of heater rod for low-pressure tests (top), and the design of an internally heated rod for 

high-pressure tests (bottom) (UWM). 

UWM-2 constructed a low-pressure loop and designed a high-pressure loop for flow-boiling tests at 

different pressures. Until now, UWM-2 has conducted low-pressure tests only while the high-pressure 

capability is still in the design and construction stages. In the low-pressure test, water with specific 

subcooling is pumped through an annular flow channel formed by a quartz test section and a directly 

heated rod located in the center, as shown in Figure 16 (left). The quartz window allows for flow 

visualization of boiling phenomena and the CHF event via high-speed photography. In steady-state flow-

boiling tests, the imposed power across the rod is slowly increased until CHF is achieved. 
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Figure 16. Low-pressure test section (left) and low-pressure flow loop (right) (UWM-2). 

To measure the temperature profile along the heated rod, UWM-2 designed and fabricated an optical-

fiber sensor and the accompanying data-acquisition system for distributed-temperature measurement. 

UWM-2 operated the optical-fiber sensor in flow-boiling experiments using Cr-coated and bare Zircaloy 

heater rods. UWM found that the Cr-coated heater rod has a slightly (~10%) higher heat-transfer coefficient 

(HTC) than Zircaloy heater rod, as shown in Figure 17. 

 

Figure 17. Comparison of rod-average HTC of Cr-coated (PVD) and bare Zircaloy heater rods (UWM-2). 

Pressure, subcooling, and mass flux are maintained at constant values of 115 kPa, 75°C, and 1025 

kg/m^2-s, respectively. HTCs were studied in both ascending and descending heat flux to check for the 

presence of hysteresis effects; none were found. The Cr-coated rod exhibits ~10% improvement in HTC 

compared to uncoated rods (gray dots).  
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UWM-2 has finished initial testing of CHF for bare Zircaloy rods and two types (PVD and cold 

spray) of Cr-coated rod. Due to power-supply limitations, CHF tests were performed at mass flux of 

750 kg/m2-s, 75°C subcooling, and 115 kPa pressure. CHF testing under these conditions (moderate mass 

flux and high subcooling) results in extreme temperature excursions, which typically destroy the heater 

rod. The bare zircaloy rod was destroyed during the first CHF test. Both Cr-coated rods survived their 

first CHF test and a second test was repeated on both, yielding similar CHF values (within 1.7% of the 

first CHF result). Figure 18 shows the heat-flux values at CHF, and Figure 19 shows the boiling curves 

for the three heater rods. 

 

Figure 18. Heat flux values at CHF for bare Zircaloy and two types (PVD and cold spray) of Cr-coated 

Zircaloy. 

 

Figure 19. Boiling curves for bare Zircaloy and two types (PVD and cold spray) of Cr-coated Zircaloy. 

Pressure and subcooling were maintained at 115 kPa and 75°C, respectively. 
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Both UNM and UWM-2 have conducted flow-boiling experiments under atmospheric pressure. Their 

results provide a precious first look into the performance of ATF material in flow-boiling heat transfer 

and CHF. However, due to the non-prototypical operating pressure and temperature, it is still unclear 

whether their conclusions can be directly applied to actual reactor conditions. The main issue comes from 

the change of thermohydraulic properties—such as surface tension (and thus contact angle), two-phase 

density ratio, latent heat, thermal diffusivity, thermal effusivity—when pressure and temperature increase.  

WEC conducted flow-boiling CHF tests at full PWR pressure and temperature. The coolant used 

during the CHF tests simulates water chemistry in an actual PWR. It contained 1000 ppm boric acid and 

2.2 ppm LiOH, made from high-purity deionized water. WEC believes that water conductivity has a 

minimal impact on CHF results. The configuration of the flow loop, also known as the WALT loop, is 

shown in Figure 20. The main parameters of the WALT loop are summarized in Table 5. As shown in 

Figure 20 (right), the test section features an annular flow channel, which is formed by a direct-heating 

rod with OD of 9.5 mm and a test section shroud with inner diameter of 20.96 mm. The heated length is 

330 mm. 

  
Figure 20. Photograh (left) and schematic representation (right) of WALT loop (WEC). 
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Table 5. Key parameters of the WALT loop (WEC). 

Parameters Upper Limits 

System pressure, MPa 17.22 

DC power supply, kW 90 

DC power supply, A 1800 

DC power supply, V 100 

Heat exchanger, kW 31.8 

Flow velocity, m/s 6.00 

Inlet temperature, °C <Tsat 

Axial Power Shape Uniform 

Heater rod materials Inconel, Zr-4, Zirlo® 

Heater rod length, m <1.35 (0.33 heated typical) 

Heater rod OD, mm 9.50 

Heater rod ID, mm 8.35~9.2 

Test section shroud ID, mm 20.96 

Test section flow area, mm2 274.0 

 

WEC has tested flow-boiling CHF in the WALT loop using uncoated Zirlo cladding, Cr-coated Zirlo 

cladding, and Cr-coated Zirlo cladding with crud. They generated crud deposits to the Cr-coated Zirlo by 

adding FeEDTA, NiEDTA, and colloidal crud precursors in the loop. All CHF test results and associated 

test conditions are summarized in Table 6. 

The CHF test results shown in Table 6 were regrouped according to thermohydraulic conditions of 

inlet temperature, flow, and pressure, as indicated by yellow, green, and orange colors. Therefore, the 

separate effect of cladding surfaces, such as Cr-coating and crud deposit, can be examined within the 

same color group. As shown in Figure 21, the change of CHF due to the Cr-coating and/or crud deposit 

seems to be within the CHF variation measured from the uncoated surface. The CHF variation in each 

group is approximately ±6%. 

Table 6. Summary of CHF test results (WEC). 

Rod Run 

Cr 

Coating 

Average 

Crud 

Thickness 

(microns) 

Inlet 

Temperature 

(°C) 

Flow 

(m3/hr) 

Pressure 

(bars) 

CHF 

(W/cm2) 

Relative 

Change in 

CHF 

Compared 

to 

Average 

198 1a No 0 336.8 2.42 152.63 233.12 4.74 

198 1b No 0 339.5 2.37 154.05 208.94 -6.12 

198 1c No 0 338.7 2.42 156.58 221.22 -0.60 

193 1a Yes 0 338.1 2.38 148.78 231.16 3.86 

193 1b Yes 0 338.1 2.40 158.99 218.37 -1.86 

Average    338.2 2.40 154.21 222.56  
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Rod Run 

Cr 

Coating 

Average 

Crud 

Thickness 

(microns) 

Inlet 

Temperature 

(°C) 

Flow 

(m3/hr) 

Pressure 

(bars) 

CHF 

(W/cm2) 

Relative 

Change in 

CHF 

Compared 

to 

Average 

198 2a No 0 333.9 3.49 156.21 245.91 -1.37 

198 2b No 0 340.6 3.49 156.72 256.16 2.74 

194 1a Yes 0 339.9 3.39 153.88 241.95 -2.96 

195 1a Yes 0 339.6 3.37 151.78 249.99 0.26 

200 1a Yes 0 338.8 3.39 153.46 239.53 -3.93 

200 1b Yes 43 341.7 3.38 155.16 249.97 0.26 

201 1a Yes 0 339.2 3.38 156.94 247.82 -0.61 

201 1b Yes 40 339.4 3.41 156.86 263.32 5.61 

Average    339.9 3.41 155.13 249.33  

198 3a No 0 329.1 3.34 128.57 258.74 0.92 

198 3b No 0 328.3 3.41 125.08 257.88 0.58 

199 1a Yes 0 328.7 3.22 126.78 275.70 7.53 

202 1a Yes 0 330.6 3.00 127.90 238.65 -6.92 

202 1b Yes 21 331.1 3.25 130.52 250.97 -2.11 

Average    329.5 3.24 127.77 256.39  

 

  

 
Figure 21. Comparison of CHF values from different surfaces at similar thermohydraulic conditions. Top 

left: yellow group; top right: green group; bottom: orange group (WEC). 

3.4 Modeling and Simulation 

UTK simulated the UNM experiment using RELAP5-3D and CTF, finding significant discrepancies 

between calculation and experimental data in terms of CHF and post-CHF tube temperatures for 
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Inconel 600, stainless steel 316, and FeCrAl. Parametric studies were carried out to understand the 

sensitivity of CHF and the post-CHF temperature excursion from HTCs, material thermophysical 

properties, and a transient CHF multiplier. Sensitivity studies were performed using a RELAP5-3D model 

of the UNM experiment and the uncertainty quantification code RAVEN. The range of input parameters 

used in sensitivity studies was chosen based on the measuring uncertainties in material properties and 

HTCs, as well as the differences in experimentally measured HTCs and the HTCs predicted from the 

RELAP5 model. Results from the sensitivity study were used to highlight fundamental differences 

between how CHF is modeled and empirical findings. 

The sensitivity cases that best matched the experimental results in terms of maximum heat flux 

(MHF), integral heat flux, and peak cladding temperature (PCT) were determined, as was a case that gave 

the minimum RMS error for the three figures of merit. Table 7 summarizes the relative error of the 

RELAP5 results from the sensitivity case that gave the minimum RMS error. 

Table 7. Error from the minimum RMS error sensitivity case. 

Figure of Merit MHF PCT Energy Deposition RMS Error 

Relative Error (%) 1.24 27.02 1.70 27.10 

 

The parametric study showed that even when the simulated MHF and energy deposition were 

closely matched with the experimental results, the model still overpredicted PCT. The reason for 

this remaining discrepancy is attributed to differences in how CHF phenomena are being modeled 

versus what occurs in reality. Figure 22 (a) shows the experimental heat flux and FeCrAl outer surface 

temperature around the CHF point. The plot shows that the CHF, determined by an increase in the rate of 

change in the tube temperature, differs from the MHF. It is possible that this is a product of measurement 

uncertainty, but it is clear that there is a transition period during which the heat flux remains elevated 

post-CHF. Computer codes always consider the MHF and CHF to be equivalent, as shown in 

Figure 22 (b). Once CHF is reached in the models, the heat flux instantaneously and rapidly declines. This 

leads to a much narrower heat-flux pulse width and the overshoot in PCT predictions. 

  
Figure 22. (a) Experimental heat flux and tube temperature and (b) simulated heat flux and tube 

temperature. (UTK) 

Motivated by reducing the high cost of running CHF tests that cover a wide range of operating 

conditions, UNM explored a machine-learning algorithm for practical interpolation and extrapolation of 

experimentally measured CHFs so as to inform a strategic scheme of CHF experiment for such 

technology implementation. Figure 23 demonstrates the capitalization on sparingly distributed 

experimental data. Machine learning (support vector machine [SVM]) shows the capability to accelerate 

the development of CHF look-up tables or correlations with high accuracy (R2 ≥ 0.95). The rationales 

behind the CHF predictability of SVM are that the kernel function can map the nonlinear relation of CHF 

to pressure and mass flux into a linear relation of high-dimensional space. The automatic determination of 

support vectors can provide the importance weights of training data, and then the prediction of CHF will 

Increased dT/dt 

CHF 

MHF 
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be provided by locally calculating the similarities among the prediction target, training data, and globally 

summed weighted CHF of training datasets. 

  

Figure 23. (a) CHF prediction with 12 evenly distributed educated data and (b) comparison of machine-

learning prediction to true CHF (UNM). 

For pressure-dependent CHF behavior, training data in the proximity of the pressure inflection point 

that characterizes the maximum allowable CHF for different pressures significantly contribute to the 

prediction accuracy of the SVM. This implies that experimental CHF data should be procured in the 

proximity of pressure inflection points, and the prior knowledge of pressure-CHF inflection points can 

enhance the prediction accuracy of the ATF CHF look-up table. Moreover, the linearity of CHF with 

respect to mass flux determines prediction accuracy in the absence of a good spread of training data. 

Another advantage of the SVM application for CHF prediction is that extrapolation to high pressure 

from low can be effectively achieved with a few data points in the high-pressure range, as shown in 

Figure 24. This shows the possibility of strategically integrating high- and low-pressure experimental data 

to construct a new CHF look-up table while reducing the experimental costs associated with the high-

pressure testing. 

 
 

Figure 24. (a) High-pressure extrapolation strategy and (b) SVM supported extrapolation at Xe = - 0.05 

(UNM). 

3.5 Quenching 

Many studies have investigated rewetting of heated samples in reflooding scenarios. Droplet 

quenching is another important phenomenon that occurs during safety spray cooling—e.g., in a BWR. 

The spray-cooling system generates tiny droplets on the millimeter scale, which then impinge and quench 

the fuel-cladding surfaces. Different from pool quenching, droplet quenching is a scarcely investigated 

phenomenon, especially on ATF materials. 
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MIT constructed and operated a test facility for droplet-quenching experiments, as shown in 

Figure 25. The experimental setup enables the use of synchronized infrared (IR) thermometry and high-

speed shadowgraphy, which provides high temporal and spatial resolution for quenching heat-transfer 

measurement. The test sample is in direct contact with a heater, which is used to control the sample 

temperature. A through-hole in the center of both the heater and the supporting insulation structure allows 

IR measurements of time-dependent test-sample temperature and heat-flux distributions. The side view of 

the droplet-wall collision is recorded by high-speed video (HSV). The IR camera and HSV are carefully 

synchronized to record the droplet-collision behavior. 

 

Figure 25. Schematics of the droplet quenching experiment (MIT). 

MIT fabricated the test sample by PVD-deposition using different coating materials on circular 

sapphire substrates. Sapphire is an excellent simulant of Zircaloy, as they have very similar thermal 

effusivity and diffusivity. In the tests shown in Figure 26 and Figure 27, a 300 nm Cr coating was used. 

The test temperature ranges typically from 100 to 500°C. After the test sample reaches the desired steady-

state temperature, a deionized water droplet, of 2.0 mm diameter, is released from the needle. It falls by 

gravity and impinges on the sample. In the reported test, a deionized water droplet with a small Weber 

number (7.3) at room temperature (75 K subcooling) was used. 

IR videos from the droplet-quenching test were post-processed with an in-house MATLAB code to 

reproduce time-dependent temperature and heat-flux distributions of the sample surface. Figure 26 and 

Figure 27 show temperature profiles (top row) and high-speed video images (bottom row) during the 

droplet collision at different sample temperatures. The Leidenfrost temperature can be determined based 

on shadowgraphy images as well as on the temperature and heat-flux distributions. More tests will be run 

to fully quantify how the LFP temperature depends on Weber number, droplet temperature and, 

importantly, surface conditions (i.e., material and roughness). 
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Figure 26. Droplet quenching at transition boiling (240°C). Temperature color scale in °C (MIT). 

 

Figure 27. Droplet quenching at film boiling (520°C). Temperature color scale in °C (MIT). 

UWM-1 designed and constructed a quenching test facility that was used to demonstrate boiling heat 

transfer of modified surfaces under high-pressure and subcooled-water conditions. Figure 28 shows a 

schematic illustration of the facility. UWM proposed to use such a facility to study the effect of ATF 

materials’ surfaces on the minimum film boiling point and the associated heat-transfer processes. 
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Figure 28. Schematic illustration of the quench-test facility to evaluate boiling heat transfer of various 

ATF cladding surfaces under high-pressure and subcooled-water conditions (UWM). 

4. CONCLUSIONS 

This report discusses the main achievements of four NEUP projects aimed at investigating the 

thermal-hydraulic behavior of ATF-cladding materials. Lesson learned and near-term—i.e., to be carried 

out within the last year of the four NEUP projects—activities are summarized hereafter. 

4.1 Surface Characterization 

Many groups have measured the CAs of ATF materials in the air at atmospheric pressure. However, 

there seems to be some disagreement on the measured CA from the same material with similar surface 

roughness. These differences may arise from the sample-cleaning protocol or the surface itself. To 

address and potentially clarify this issue, samples could be circulated and analyzed by more than one 

organization.  

The CA varies significantly from ambient pressure and temperature to LWR operating conditions. 

Such variation has been partially clarified by MIT’s tests. Systematic CA measurements on ATF 

materials (from the four projects) with different surface roughness could be conducted under LWR 

conditions using the MIT facility. The effect of surface degradation during the high-pressure 

measurements should be evaluated to better understand the CA hysteresis observed with some materials. 

4.2 Boiling  

An analysis of the impact of surface characteristics on CHF has been conducted. However, more 

experiments should be run before definite conclusions can be drawn. 

In pool-boiling conditions at atmospheric pressure, the CHF values measured by UWM-1 suggest that 

Zirlo, FeCrAl, and Cr-coated Zirlo have very similar CHF and that the CHF limit can be captured by a 

modified version of the Kandlikar correlation.  

However, UNM performed flow-boiling CHF tests at atmospheric pressure and observed that FeCrAl 

has a higher CHF limit compared to Zircaloy or Cr-coated Zircaloy at the same operating conditions. 
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UNM also observed that surface degradation, e.g., the increase of surface roughness and wettability, does 

not affect the CHF limit. UNM also conducted a test with a transient power pulse on FeCrAl tubes and 

observed that the transient CHF value is higher than the steady-state value. 

UWM-2 has carried out studies on steady-state flow boiling on Cr-coated and bare Zirlo cladding, 

and has observed that the Cr-coated cladding has a higher boiling HTC and a slightly higher CHF 

compared uncoated claddings. 

WEC conducted several flow-boiling CHF tests at PWR operating conditions, showing no difference 

in the CHF values of bare, Cr-coated, and crud-coated Zirlo claddings. 

More tests will be carried out in the third year of the project by WEC and UWM-2, with a specific 

focus on high pressures, ideally covering both PWR (15.5 MPa, 344°C) and BWR (7.6 MPa, 291°C ) 

conditions. 

4.3 Modeling and Simulation 

UTK has generated a computational framework to simulate flow boiling until post-CHF. UTK 

quantified the uncertainty and sensitivity of the CHF value and the post-CHF temperature excursion. 

According to the UTK analysis, there is a need to improve the modeling of post-CHF heat transfer during 

power transients. However, the development and validation of these models require more experimental 

data, particularly for high-pressure conditions. 

4.4 Quenching 

MIT has developed a facility to study droplet quenching, producing demonstrative results on Cr-

coated surfaces. A systematic study will be carried out to quantify the LFP temperature of potential ATF 

materials. For each material, different surface finish from nanosmooth to PWR-cladding roughness should 

be tested. The impact of droplet Weber number and subcooling should also be investigated. 
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Appendix A 
 

Program: 
Thermal-Hydraulics of ATF Cladding Materials 
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Appendix B 
 

Critical Heat-Flux Studies of Advanced Accident-
Tolerant Fuel-Cladding Concepts 
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Appendix C 
 

Summary of ATF Testing at the University of 
Wisconsin 
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Appendix D 
 

Wettability of ATF Cladding Materials  
in Nuclear-Reactor Conditions 
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Appendix E 
 

Sensitivity of Critical Heat Flux for ATF FeCrAl Alloy 
Using RELAP5-3D and RAVEN 
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Appendix G 
 

Progress on the Surface Characterization of ATF and 
Preliminary Results on CHF 
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Progress on the Surface Characterization of ATF and 
Preliminary Results on CHF 
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Appendix H 
 

Investigation of Droplet Quenching on 
Accident-Tolerant Coating Using  

Infrared Thermometry 
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Appendix I 
 

CHF and CRUD WALT Loop Measurements 
for Westinghouse Accident-Tolerant Fuel 
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Appendix J 
 

In-Pile CHF Experiments at TREAT  
and Related CHF Activities 
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Appendix K 
 

Thermal-Hydraulics of ATF Cladding Materials, 
NEUP-ATF Meeting 
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Appendix L 
 

The Red Lab and ATF Facilities in NSE, MIT 
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